Small solutes affect protein and nucleic acid processes because of favorable or unfavorable chemical interactions of the solute with the biopolymer surface exposed or buried in the process. Large solutes also exclude volume and affect processes where biopolymer molecularity and/or shape changes. Here, we develop an analysis to separate and interpret or predict excluded volume and chemical effects of a flexible coil polymer on a process. We report a study of the concentration-dependent effects of the full series from monomeric to polymeric PEG on intramolecular hairpin and intermolecular duplex formation by 12-nucleotide DNA strands. We find that chemical effects of PEG on these processes increase in proportion to the product of the amount of DNA surface exposed on melting and the amount of PEG surface that is accessible to this DNA, and these effects are completely described by two interaction terms that quantify the interactions between this DNA surface and PEG end and interior groups. We find that excluded volume effects, once separated from these chemical effects, are quantitatively described by the analytical theory of Hermans, which predicts the excluded volume between a flexible polymer and a rigid molecule. From this analysis, we show that at constant concentration of PEG monomer, increasing PEG size increases the excluded volume effect but decreases the chemical interaction effect, because in a large PEG coil a smaller fraction of the monomers are accessible to the DNA. Volume exclusion by PEG has a much larger effect on intermolecular duplex formation than on intramolecular hairpin formation.
Small solutes affect protein and nucleic acid processes because of favorable or unfavorable chemical interactions of the solute with the biopolymer surface exposed or buried in the process. Large solutes also exclude volume and affect processes where biopolymer molecularity and/or shape changes. Here, we develop an analysis to separate and interpret or predict excluded volume and chemical effects of a flexible coil polymer on a process. We report a study of the concentration-dependent effects of the full series from monomeric to polymeric PEG on intramolecular hairpin and intermolecular duplex formation by 12-nucleotide DNA strands. We find that chemical effects of PEG on these processes increase in proportion to the product of the amount of DNA surface exposed on melting and the amount of PEG surface that is accessible to this DNA, and these effects are completely described by two interaction terms that quantify the interactions between this DNA surface and PEG end and interior groups. We find that excluded volume effects, once separated from these chemical effects, are quantitatively described by the analytical theory of Hermans, which predicts the excluded volume between a flexible polymer and a rigid molecule. From this analysis, we show that at constant concentration of PEG monomer, increasing PEG size increases the excluded volume effect but decreases the chemical interaction effect, because in a large PEG coil a smaller fraction of the monomers are accessible to the DNA. Volume exclusion by PEG has a much larger effect on intermolecular duplex formation than on intramolecular hairpin formation.
m-value | macromolecular crowding | PEG | polymer excluded volume S olutes affect noncovalent biopolymer assembly processes such as folding, complex formation, and crystallization because the effect of the solute on the chemical potential of the products differs from its effect on the chemical potential of the reactants. Solute effects have been used to great advantage by biochemists for many years to optimize conditions for biochemical assays and to study the thermodynamics of protein folding and nucleic acid helix formation. A solute effect on a process is quantified by its "m-value," the derivative of the observed standard free energy change for the process with respect to the solute concentration, related to solute derivatives of reactant and product chemical potentials (μ 2 ) by Eq. where component 3 is a perturbing solute and products (p) and reactants (r) are both considered to be component 2 (1) . K obs is the equilibrium quotient of product concentrations to reactant concentrations, and K γ is the corresponding quotient of molar activity coefficients (γ 2 ). The last equality follows if m 2 is highly dilute and if m 3 is in significant excess over m 2 (2) . For melting of a nucleic acid hairpin helix (h) to a denatured strand (s),
and for melting of a duplex (d) to two strands (s 1 , s 2 ),
If Δμ 2;3 is negative, then addition of solute either lowers the chemical potential of product moreso than reactant or raises it less, decreasing ΔG o obs and favoring the process. Effects of small uncharged solutes on protein and/or nucleic acid processes arise from their ability to compete with water of hydration to interact with the surfaces of the biopolymer that are exposed (or buried) in the process. These chemical ("preferential") interactions with different surface types completely determine the effect of a small solute on a process and make independent, additive contributions to the m-value (1). Thus, for a small solute like ethylene glycol (EG) or diethylene glycol (diEG),
In Eq. 4, ΔASA biopolymer i is the change in the water accessible surface area (in Å 2 ) of surface type i, and the sum extends over all distinct types of chemical surfaces on the biopolymer whose exposure changes in the process. α i is an experimentally determined solute "interaction potential" quantifying the interaction of the solute with 1 Å 2 of biopolymer surface of type i. Using the solute partitioning model (3), the α i can be interpreted using a local-bulk partition coefficient (the ratio of the local concentration of the solute in the vicinity of surface i to its bulk concentration). An alternative approach decomposes the m-value for a small solute effect on protein folding into additive contributions from interactions of the solute with the 20 different amino acid side chains and with the peptide backbone (instead of chemical surface types) (4).
Large flexible coil or globular polymeric solutes occupy volume and reduce the amount of space available in the solution, raising the effective concentration of physically large species. This excluded volume effect drives folding, crystallization, and other self-assembly processes of biopolymers that reduce the number of biopolymer molecules in solution and/or form more compact states. Excluded volume effects of a flexible coil or globular polymer on a protein and/or nucleic acid process are calculable from the change in polymer-biopolymer excluded volume accompanying the process. 
PEG effects on DNA helix melting have been studied extensively. The T m of large (≥160 bp) DNA and RNA duplexes increases with increasing concentration of high molecular weight PEG (6, 7) [and dextran (8, 9) ], interpreted as an excluded volume interaction between the PEG (or dextran) and nucleic acid. EG and small PEGs destabilize (lower the T m of) large duplexes (7). At 1 M NaCl, large PEGs destabilize small duplexes (N ≤ 30), though the magnitude of the destabilization decreases as duplex size is increased (9, 10) ; at low salt (0.15 M), high molecular weight PEGs stabilize small duplexes. High molecular weight PEGs [and dextrans (11) ] also increase the rates of DNA duplex formation and rates of end joining (12, 13) and promote association of the T4 DNA replication complex (although they do not affect its processivity) (14) . PEG effects on protein processes (folding, association) have been reviewed recently (15, 16) .
Effects of flexible polymers such as PEG or dextran have traditionally been interpreted entirely in terms of excluded volume (6, 8) . However, in addition to volume exclusion, large solutes, like small solutes, are expected to perturb processes through preferential interactions of their monomeric subunits with surface buried or exposed in the process. These effects have been measured for PEG-protein (17) and polyvinyl pyrrolidone (PVP)-protein (18) interactions. The preferential interaction effects of flexible coil polymers are more complicated to predict than small solutes because in a flexible polymer a fraction of the monomers are partially or completely buried in the interior of the coil, unavailable for interaction with the biopolymer (5) . Recognition of the importance of PEG-protein preferential interactions has led to the recomendation that PEG not be used to study excluded volume effects (15) .
In this study, we develop an analysis to separate and predict preferential interaction and excluded volume effects of large PEGs. We propose and test an additive model,
in which the preferential interaction (Δμ pi 2;3 ) of a flexible coil PEG is given by a sum of interactions between different chemical surfaces on the PEG with the DNA surface exposed on melting, and the excluded volume effect Δμ ev 2;3 is determined by the change in the PEG-DNA excluded volume in the process (Eq. 5).
Eq. 4, developed and applied previously to interpret effects of small solutes [e.g., Hofmeister salts (19) , glycine betaine (1)] on biopolymer processes, considers the solute as a single chemical entity that interacts with the chemically distinct types of biopolymer surface involved in the process. In the present study, information needed to dissect the interactions of PEG with different functional groups on the DNA surface exposed upon melting is not yet available, so we use Eq. 4 to define an average interaction potential hα PEG;DNA i quantifying the interaction of a given molecular weight of PEG with the entire DNA surface exposed in melting:
We interpret hα PEG;DNA i as composed of two contributions, quantifying the interactions of end (E, defined as two -CH 2 OH groups) and interior (I, defined as a single -CH 2 OCH 2 -repeat) regions of PEG with DNA surface exposed in melting:
; [8] where N 3 is the total number of monomer units per PEG molecule; the experimentally determined interaction potentials α E and α I quantify the strength of the interaction of 1 Å 2 of end group E and interior repeat I surface, respectively, with 1 Å 2 of the DNA surface exposed on melting (ΔASA DNA ); and ASA PEG E and ASA PEG I are the DNA-accessible surface areas of PEG end groups and interior PEG residues.
ASA PEG E and ASA PEG I vary with N 3 because PEG residues toward the center of the volume defined by the PEG flexible coil are less accessible to DNA than those near its surface. The fraction of PEG surface area (both end group and interior) that is accessible to DNA is designated χ. From Eqs. 7 and 8, the contribution of preferential interactions of PEG with DNA to an observed PEG m-value is
In Eq. 9, ASA oPEG E (212.7 Å
2 ) and ASA oPEG I
(82.5 Å 2 ) are the water-accessible surfaces of PEG end and interior residues on diEG or triethylene glycol (triEG) (the ASA of EG is 212 Å 2 , the same as that of the two -CH 2 OH end groups in PEG) and are weighted by χ, an "accessibility factor," equal to the fraction of monomers in a large PEG molecule that are accessible to the DNA. χ is equal to 1 for EG and small oligomers but is expected to decrease significantly with increasing N 3 .
Results and Discussion
DNA Duplex and Hairpin Helix Melting to 12-nt Strands: Model Processes to Investigate Effects of PEG Chain Length and Concentration on Helical Stability. To quantify the effects of preferential interaction and excluded volume, we study the effects of EG and a range of molecular weights of PEG on unfolding of a 12-base hairpin helix (with a self-complementary 4-bp stem and a noncomplementary 4-base central loop region) and on dissociation of a 12-bp duplex (58% AT base pairs) (19) with base composition similar to that of the hairpin (50% AT base pairs). These DNA oligos melt in fully reversible, two-state, all-or-none transitions, allowing accurate determination of equilibrium constants (K obs ) and PEG m-values (Eq. 1) at a constant reference temperature 313 K from spectroscopic measurements. The comparison of melting of a 4-bp hairpin stem and a 12-bp duplex to 12-nt strand(s) also facilitates analysis of the relationship of the preferential interaction effect of low molecular weight PEG to the ΔASA of melting, and the relationship of the excluded volume effect of high molecular weight PEG to the molecularity (intramolecular or intermolecular) of the process. Representative hairpin and duplex melting curves (SI Materials and Methods) demonstrate that transitions are fully reversible and two-state, without detectable end-fraying, and that base-stacking is the only residual structure in the melted 12-nt strands. Thermal transition curves are analyzed to obtain observed equilibrium constants (K obs ) and corresponding ΔG o obs ¼ −RT lnðK obs Þ (to a precision of AE190 cal∕mol for duplex, AE20% of K obs , and AE80 cal∕mol for hairpin, AE13% of K obs ), defined in the direction of dissociation/melting as a function of temperature. Plots of lnðK obs Þ vs. 1∕T are linear; interpolation of these plots through 313 K, approximately the T m of the duplex in the absence of PEG, yields 
Eq. 9 predicts that for small PEG where the monomer accessibility χ ¼ 1 the contributions of preferential interactions to the PEG m-values of duplex and hairpin increase linearly with N 3 , with slopes (α I;DNA ASA PEG I ASA DNA total ) determined by the amount of DNA surface exposed in melting and by the interaction of this DNA surface with that of an interior PEG residue, and with extrapolated intercepts at N 3 ¼ 0 determined by the difference between PEG end and interior group-DNA interactions (Eq. 10):
[10]
Analysis of the EG-triEG m-values in Fig. 1 shows that their behavior as functions of (i) ASA DNA total and (ii) PEG chain length N 3 is consistent with that predicted by Eqs. 9 and 10, which supports the proposed ASA-based analysis of PEG-DNA preferential interactions (Eqs. 4, 7-10) and indicates that excluded volume effects do not contribute significantly to the m-value for these small PEGs.
Ratios of duplex to hairpin
m-values are 2.5 AE 0.1 for EG and diEG, 2.1 AE 0.1 for triEG, and 2.0 AE 0.1 for PEG 200. Calculations of ΔASA
DNA
total from structures of duplex and hairpin and partially stacked models of the melted strands (see Table S1 ) yield ΔASA DNA total ¼ 2.0 · 10 3 Å 2 for duplex melting and ΔASA DNA total ¼ 7.8 · 10 2 Å 2 for hairpin melting to give a duplex/hairpin ΔASA DNA total ratio of approximately 2.6, which is the same as the observed m-value ratio for EG and for diEG. The proportionality of the EG and diEG m-values to DNA surface is indicative of a preferential interaction effect where the interaction strength of the PEG with both duplex and hairpin surface exposed on melting is the same [which is expected to be the case here because the base compositions of duplex (58% AT) and hairpin (50% AT) are similar]. 2. For both duplex and hairpin, m-values for EG to triEG ( Fig. 1; N In the low-N 3 limit of Eq. 11 where χ ¼ 1, Δμ pi 2;3 is predicted to be proportional to N 3 and to ΔASA DNA total , as observed experimentally. In this low-N 3 , χ ¼ 1 limit, the ratio m-value∕N 3 , which is the same as the m-value calculated using a PEG monomer ("monomolal") concentration scale, is predicted from Eq. 11 to be independent of PEG chain length. In Fig. 1C The PEG molecular weight dependences of monomer mvalues for hairpin and duplex are summarized in Fig. 3 , which plots these monomer m-values as a function of the logarithm of the PEG chain length. Fig. 3 shows the low and high molecular weight plateaus with a transition from a low molecular weight to a high molecular weight PEG regime occurring between PEG 200 and 2,000. In the high PEG molecular weight plateau region, average monomer m-values are 0.156 AE 0.020 kcal∕ ðmolal PEG monomerÞ for duplex stabilization and −0.040AE 0.010 kcal∕ðmolal PEG monomerÞ for hairpin destabilization (Table 1) .
Low molecular weight PEGs (≤ triEG) destabilize both duplex and hairpin helices by favorable preferential interactions with the DNA base surface exposed in melting. High molecular weight PEGs almost completely eliminate this destabilization of the hairpin helix, and, when compared at the same monomolal PEG concentration, exert a net stabilizing effect on the duplex that is about half as large in magnitude as the destabilizing effect of low molecular weight PEGs. As quantified in the following section, the contributors to this reversal appear to be (i) the inaccessibility of DNA to those PEG residues in the deep interior of the volume occupied by the flexible PEG coil, excluding DNA from preferential interactions with a significant fraction (1 − χ) of PEG segments, and (ii) the occupation of a significant fraction of solution volume that drives complementary DNA strands to assemble into duplex and self-complementary DNA strands to fold into hairpin structures.
High Molecular Weight PEGs Affect DNA Stability by Preferential Interaction of Accessible Chain Segments and Excluded Volume. For PEG 2,000 (N 3 ≈ 45) and above, Fig. 3 shows that PEG monomer m-values (i.e., m-value∕N 3 ) become independent of N 3 for both duplex and hairpin melting. To interpret these high PEG molecular weight plateaus, we hypothesize that both Δμ ev 2;3 ∕N 3 and Δμ pi 2;3 ∕N 3 must become independent of N 3 in this range. For Δμ pi 2;3 ∕N 3 (Eq. 10) to be independent of N 3 , χ must become independent of N 3 for PEG 2,000 and above; this limiting value of χ is designated χ ∞ . In principle χ ∞ can be calculated from models for the PEG flexible coil and DNA, but here we evaluate it from experimental m-values by quantifying the excluded volume contribution to these m-values Δμ ev 2;3 . To quantify Δμ ev 2;3 using Eqs. 5 and 6, differences in PEG-DNA excluded volumes ΔV 2;3 are calculated from an analysis developed by Hermans (5) that predicts the functional form and magnitude of the excluded volume between a sufficiently large flexible coil polymer comprised of N 3 ∕n k Kuhn segments (where n k is the number of residues per Kuhn segment) and a smaller rigid molecule like the DNA oligomers of this study. In this 
calculation, the helical and melted states of hairpin and duplex DNA are modeled as rigid impenetrable cylinders with lengths L and radii R 2 given in Table S2 . For the excluded volume between a polymer and smaller sphere or cylinder, the Hermans model predicts
where the second equality is from Eq 5. In Eq. 12, l k is the statistical segment length (Kuhn length in angstroms) of PEG, N A is Avogadro's number, and k is a geometrical factor (in angstroms) calculated from the length and radius of the DNA and independent of N 3 and l k (Eq. S8) (k duplex ¼ 5.85 Å; k hairpin ¼ 0.48 Å, calculated in Table S2 ). Because V 2;3 is proportional to N 3 in this high molecular weight PEG limit, μ ev 2;3 is proportional to N 3 . Using Eqs. 11 and 12 to obtain Δμ pi 2;3 and Δμ ev 2;3 , the monomer m-value∕N 3 of a high molecular weight PEG is interpreted as
Eq. 13, applied to the limiting values of m-value∕N 3 at high PEG molecular weight for hairpin and duplex ( Fig. 3 and Table 1 ), predicts the quantities l k and χ ∞ characterizing the PEG flexible coil. In our application of Eq. 13 to hairpin and duplex, we make the assumption that the same value of χ ∞ is applicable to both processes. Although the abilities of the native hairpin and duplex helices to penetrate the PEG flexible coil differ, the ability of the melted 12-nt strands, which contain the exposed base ASA that dominates the preferential interaction, is the same for both transitions. By simultaneous application of Eq. 13 to hairpin and duplex, we obtain l k ¼ 11.9 AE 0.5 Å and χ ∞ ¼ 0.45 AE 0.10. This value of the PEG statistical segment length (l k ) is in the middle of the published range [7 to 14 Å (20-22) ].
The limiting value χ ∞ ¼ 0.45 AE 0.10 indicates that approximately 45% of the segments of a large PEG flexible coil are accessible to the surface exposed upon melting these DNA oligomers. Experiments are in progress to determine the dependence of χ and χ ∞ on DNA size. Table 1 . Calculated preferential interaction contributions per monomer of high molecular weight PEG flexible coils are less negative (less destabilizing) and about half as large in magnitude as those observed per monomer residue of EG, diEG, and triEG, because of the reduced DNA-accessibility of residues in the interior of high molecular weight PEG flexible coils (χ ∞ ¼ 0.45 AE 0.1). Calculated excluded volume contributions are positive (stabilizing) for both hairpin and duplex; the excluded volume effect of PEG on duplex stability (309 AE 30 cal∕ molal PEG monomer) is 12 times larger than on hairpin stability (25 AE 2 cal∕molal PEG monomer). This 12-fold difference in excluded volume effects indicates that strand dissociation in the melting of the 12 bp duplex is a much more important determinant of the excluded volume effect than is the change in shape between the helical conformation and the melted strand(s). Addition of an excluded volume agent increases the effective strand concentration (defined as n 2 ∕V available , where n 2 is the number of moles of strand and V available ¼ V total ð1 − C 3 V 2;3 Þ; see Eq. S12 for discussion of V available ), thereby driving the bimolecular process but not the unimolecular process.
It is interesting to compare the excluded volume change calculated from the Hermans model for the 12-nt hairpin studied here with a hypothetical 6-bp duplex, and for the present 12-bp duplex with a hypothetical 24-nt hairpin. Table S2 shows the PEG-DNA excluded volume for the 24-nt hairpin, 6-bp duplex, and the corresponding 24-and 6-nt strands. The change in excluded volume upon dissociation of a 6-bp duplex is 450 Å 3 , compared to 67 Å 3 for unfolding of a 12-nt hairpin, and the change in excluded volume for dissociation of the 12-bp duplex is 827 Å 3 as compared to 276 Å 3 for unfolding of the corresponding 24-nt hairpin. In both cases, the change in excluded volume for the bimolecular process is more than three times greater than for the corresponding unimolecular process.
Reversal of Duplex Stabilizing Effect of High Molecular Weight PEG at High Concentration. Fig. 4 extends the data in Fig. 2 for PEG 8,000; 3,350; 2,000; and 200 from 5 to 12 monomolal. A broad transition centered at 6 monomolal separates a low PEG concentration regime between 0 and 5 monomolal, in which stability increases with increasing PEG concentration (positive m-values), and a high PEG concentration regime above 6 monomolal in which stability decreases with increasing PEG concentration (negative m-values). As shown in Fig. 4 , m-values for high molecular weight PEGs determined between 6 and 12 monomolal are comparable to that for PEG 200. Therefore, in this high concentration regime PEG flexible coils behave like independent units of PEG 200, which is approximately the length of the Kuhn segment (n k ≈ 3.4). This nonmonotonicity is not present for low molecular weight PEGs and is not detected for the hairpin for any PEG molecular weight within the scatter of the data.
We attribute the reversal at high concentration to overlap and entangling of the PEG coils to form a meshwork containing the DNA oligomers. In this entangled mesh, preferential and excluded volume interactions of the DNA with the outer region of the PEG coil, which determine the low PEG concentration behavior, are replaced by interactions with PEG segments on the order of the Kuhn length (roughly PEG 200). The transition between the unentangled (dilute) and entangled (semidilute) regimes for PEG is predicted to be broad and to occur over an approximately 25-fold molecular weight-dependent concentration range (23) beginning at about 5.5 monomolal for PEG 2,000 and at about 1 monomolal for PEG 20,000. Interestingly, although the entangling transition is predicted to begin at a lower monomolal concentration for higher molecular weight PEGs, the reversal shown in Fig. 4 is centered around 6 monomolal for all high molecular weight PEGs. This suggests that the high concentration regime observed in Fig. 4 is characterized not only by interpenetrated coils but also by a certain critical concentration of monomer segments (roughly 6 monomolal). Fig. 4 are well fit to a quadratic functional form, suggesting an alternative analysis of the high molecular weight PEG data in Fig. 2B . Fitting of these data, which are truncated at 5 monomolal PEG, to a function quadratic in monomolal PEG concentration (with a forced zero intercept) yields an average initial slope of 0.25 AE 0.05 kcal∕ðmolal PEG monomerÞ which is about 50% larger than the slope of 0.156kcal∕ðmolal PEG monomerÞ obtained from the linear fits shown in Fig. 2B (and reported in Table 1 and as the upper plateau in Fig. 3) . Application of Eq. 13 to this larger limiting m-value∕N 3 yields an average monomer accessibility χ ∞ ¼ 0.54 and a PEG Kuhn length l k ¼ 14.3 Å, which is at the high end of the range of experimentally determined Kuhn lengths. A molecular interpretation consistent with a nonlinear, downward curving high molecular weight PEG m-value (as obtained by the above parabolic fit to the data) is an intermolecular PEG-PEG excluded volume effect and attendant coil compaction at concentrations preceding intertangling, which would cause the excluded volume effect of the PEG coil to be reduced as concentration is increased. Coil compaction effects have been observed for the sucrose polymer Ficoll (24) . Inclusion of higher order terms in the expansion of the available volume (see Eq. S22 and accompanying discussion), in which the PEG radius of gyration is kept constant, predicts upward curvature and hence cannot explain the downward curvature observed at high PEG concentration in Fig. 4 .
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Materials and Methods
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